SUMMARY Acute mitral regurgitation (MR) was produced in 12 dogs by closed chest partial valvulectomy and the relative contributions of MR pressure gradient (MRG), the time for regurgitant flow (VSI), and the MR orifice area (MRA) However, recent observations suggest that this formulation may be oversimplified. The circumference of the mitral anulus in normal dogs is known to be reduced by atrial contraction,5 while relaxation of the atrium prior to ventricular systole can close the mitral valve.6' I The leaflets themselves contain muscle fibers which contract synchronously with atrial systole.5 I The circumference of the anulus is known to be reduced further by ventricular systole and it has been suggested that the size of the mitral lesion may change with alterations in ventricular shape.5
Traditional concepts relate regurgitant flow across the lesion to the systolic pressure gradient between the left ventricle and left atrium, to the size of the defect of mitral closure, or regurgitant orifice, and to the duration of ventricular systole, or the time interval for regurgitation.1 2 Moreover, the orifice in mitral insufficiency has been thought to be relatively static, except in the clinical syndrome of papillary muscle dysfunction in which the properties of the supporting structure may change with time.3 I However, recent observations suggest that this formulation may be oversimplified. The circumference of the mitral anulus in normal dogs is known to be reduced by atrial contraction,5 while relaxation of the atrium prior to ventricular systole can close the mitral valve.6' I The leaflets themselves contain muscle fibers which contract synchronously with atrial systole.5 I The circumference of the anulus is known to be reduced further by ventricular systole and it has been suggested that the size of the mitral lesion may change with alterations in ventricular shape. 5 Previous models of mitral insufficiency have been limited to the study of hemodynamics"°1 1 or have utilized shunts with a fixed orifice between the left ventricle and left atrium. 7 12-14 This latter approach has vitiated analysis of the influence of left ventricular size on the anulus, the orifice, and regurgitant flow. 7' 12 In the present study, mitral insufficiency has been created in intact dogs by partial valvulectomy and chordotomy, which produces a lesion similar to that of an acutely ruptured chordae tendineae. 15 of the mitral lesion and the volume of orifice flow has been analyzed. Evidence is presented that the size of the subvalvular cavity of the ventricle and the circumference of the mitral anulus greatly influence the size of the regurgitant orifice and resultant regurgitant flow.
Materials and Methods
Twelve mongrel dogs weighing 20 to 31 kg (mean 25 ± 1 kg) were sedated and anesthetized with either morphine (0.8-1.2 mg/kg) and sodium pentobarbital (10-20 mg/kg), or fentanyl-droperidol (Inovar-Vet) (0.1 ml/kg) and alphachloralose (40-60 mg/kg). An uncuffed endotracheal tube was inserted into the trachea and respiration assisted by a Harvard ventilation pump.
Right and left heart catheterization was performed. Closed tip catheters were inserted via a carotid artery into the central aorta and left ventricle for measurement of pressure and injection of angiographic contrast medium. An open-tip catheter was passed via a jugular vein into the coronary sinus and attached externally to a physiologic stimulator. Another open-tip catheter was inserted into the right atrium via the jugular vein and passed trans-septally into the left atrium for the measurement of the left atrial pressure. A catheter was inserted via a femoral vein into the main pulmonary artery.
Statham P23 Db strain gauge transducers were used for pressure measurements. In most animals a transducer tip catheter was introduced into the left ventricle for high fidelity pressure measurements. A high frequency physiologic recorder designed from instruments manufactured by Honeywell, Inc., and Grass Instruments Co. was used to record physiologic data on photographic recording paper at paper speeds of 0.25, 25 and 200 mm/sec. The first derivative of left ventricular pressure was obtained using an active R-C differentiator employing an operational amplifier.
Effective forward ventricular stroke volume was determined by dye dilution method. Indocyanine green (0.7 ml) was injected as a bolus into the coronary sinus and blood sampled simultaneously from the pulmonary artery using a Harvard withdrawal pump set at 15 ml/min. A Gilson densitometer and DTL-M dye tracer were used to detect in-DYNAMICS OF MR/Borgenhagen et al.
dicator concentration and to record dilution curves.
Left ventricular biplane cineangiography was performed in right anterior oblique (600 RAO) and left anterior oblique (300 LAO) projections at 100 frames per second employing a biplane cine X-ray unit manufactured by Siemens Corp. A Viamonte/Hobbs injector (Barber-Colman Co.) was used to deliver angiographic contrast medium (meglumine diatrizoate) (1.2 ml/kg/2.54 sec) into the left ventricular cavity. Pressures, flow, and angiographic data were obtained sequentially within 3-5 min at constant heart rate.
Volumes (V), of the left ventricle at end-diastole (ed), mid-systole (ms), and end-systole (es), were calculated from measure-ments of cineangiographic sagittal (RAO) and transverse (LAO) images of the ventricle. The following formula for volume of an ellipsoid of revolution was used: 
where MRV is regurgitant volume in ml/beat; VSI is the ventricular systolic time interval in sec/beat, and MRG is the mean regurgitant pressure gradient in mm Hg. 2 The following measurements of sagittal (RAO) or transverse (LAO) images were made at end-diastole, midsystole, and end-systole: length, 1; subvalvular diameter, dSUb; mid-ventricular diameter, dmId; apical diameter, dap; and mitral anular diameter, dann. In the sagittal view of the ventricle ( fig. 1 ), the length extends from the midpoint of the aortic valve to the apex; ventricular diameters are quadrisects of this length; the subvalvular diameter extends from the superior margin of the left ventricular outflow tract to the inferior wall of the left ventricle near the inferior margin of the mitral anulus; the midventricular and apical diameters extend from superior to inferior ventricular wall; the mitral anular diameter extends from the insertion point superiorly of the anterior mitral leaflet into the fibrous skeleton of the heart to the insertion point inferiorly of the posterior leaflet into the anulus itself. In the transverse view of the ventricle the length extends from the midpoint of the aortic valve to the apex of the ventricle; diameters represent quadrisects of the length; the subvalvular diameter extends from the posterior wall of the ventricle near its junction with the posterior margin of the mitral anulus to the interventricular septum at a point along the septal margin of the ventricular outflow tract. 
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As the index approaches 0.0, the ventricle approaches a sphere in shape; as the index approaches 1.0, ventricular shape approaches a straight line. 19 Assumptions inherent in experimental design were examined in a separate series of experiments. To test the assumption that right and left stroke volumes were equal in the steady state, consecutive right and left ventricular indicator dilution curves were obtained and compared in nine animals before production of mitral valvular insufficiency. Right ventricular curves were obtained by injecting indocyanine green into the coronary sinus and simultaneously sampling blood from the pulmonary artery. Left ventricular curves were obtained by injecting into either pulmonary artery, left atrium, or left ventricle and sampling blood from the aorta. Green dye dilution stroke volumes measured from the right heart averaged 27.6 ± 4.5 (SE) ml while simultaneous stroke volumes from the left side averaged 28.2 ± 4.3 ml (r = 0.94). To test the assumption that values for ventricular stroke volume determined by indicator dilution and cineangiographic analysis were equal, values for ventricular stroke volume determined by each method before production of valvular insufficiency in 16 animals were compared.'8 Stroke volumes calculated from the left ventricular angiograms averaged 26.1 ± 2.0 ml while the simultaneously measured stroke volumes calculated from green dye curves on the right side of the heart averaged 24.7 ± 2.2 ml (r = 0.93).
The basic protocol of study is outlined below. Before production of mitral valvular insufficiency, control central aortic, left ventricular and left atrial pressures, forward blood flow, and ventricular cineangiography were obtained.
Thirty to 45 minutes after production of mitral valvular insufficiency hemodynamic and angiographic data were collected in a control, or ambient state. Forty-five to 60 minutes after control measurements, hemodynamic and angiographic data were again collected at the same heart rate, but during intravenous infusion of either angiotensin (5-IO,t/min); or an agent with inotropic properties, calcium chloride (2 g/30 ml normal saline/5-10 min), or epinephrine (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) g/min; or immediately after intravenous infusion of low molecular weight dextran (250-200 ml/5-10 min). During these interventions, heart rate was kept constant by right atrial pacing via the coronary sinus.
Results

Effectof Acute Mitral Insufficiency
Following the production of mitral insufficiency, total left ventricular stroke volume was increased from 26 ± 2 (SE) ml to 40 ± 3 ml, (P < 0.05) while effective stroke volume was decreased from 24 ± 2 ml to 18 ± 2 ml. Total ejection fraction was increased from 0.48 ± 0.04 to 0.60 ± 0.03 (P < 0.05) and regurgitant volume represented 54 ± 3% (range 42 to 74%) of total left ventricular stroke volume. Left ventricular volume at end-diastole was increased from 57 ± 6 ml to 68 ± 5 ml (P < 0.05) while end-diastolic pressure was not significantly different. Mean left atrial pressure averaged 8 + 1 mm Hg immediately following the induction of mitral insufficiency with the V waves peaking to 13 ± 2 mm Hg. Mean heart rate was increased from 143 ± 8 beats/min to 157 ± 6 beats/min (P < 0.05).
The Effects of Ventricular Load
Increments in Volume
When blood volume was expanded by infusion of low molecular weight dextran, mean aortic pressure was not increased significantly. Peak left ventricular pressure was increased from 121 ± 12 mm Hg to 138 ± 9 mm Hg (P < 0.05), while end-diastolic ventricular pressure was increased from 5 ± 1 mm Hg to 12 ± 2 mm Hg (P < 0.05). Mean atrial pressure was increased from 5 ± 1 mm Hg to 13 ± 2 mm Hg, and the V wave, from 8 ± 1 to 20 ± 3 mm Hg. Left ventricular dP/dt was not changed significantly.
Hydraulic Calculations. The systolic ventriculo-atrial pressure gradient (MRG) was increased 6% from 108 ± 12 to 115 ± 8 ( fig. 2, panel A) and the VSI from 150 ± 10 to 170 ± 10 msec (P < 0.05). The volume of regurgitant flow was increased from 19 ± 2 to 32 ± 5 ml (P < 0.05) (fig. 2B) . The calculated area of the mitral regurgitant lesion was increased from 0.34 ± 0,03 cm' to 0.49 ± 0.08 cm' (P < 0.05) ( fig. 2, panel C) . The 68% increase in regurgitant volume is four times greater than the 17% increase in regurgitant volume predicted from the hydraulic formula on the basis of MRG and VSI alone.
A ngiographic Studies. Ventricular volume at end-diastole was increased from 60 ± 7 ml to 88 ± 9 ml (P < 0.05) ( fig.   2D ). Total stroke volume was increased from 38 ± 4 to 57 ± 6 ml; effective stroke volume, from 18 ± 2 to 26 ± 5 (P < 0.05); while total ejection fraction' was not changed significantly (0.63 vs 0.65). However, with the large increase in MRV, effective ejection fraction was actually unchanged at 30%. The ratio MRV/SVtOt increased from 0.52 ± 0.03 to 0.56 ± 0.06 (P < 0.05).
The average of the biplanar diameters of the subvalvular region of the end-diastolic ventricular cavity was increased from 4.08 ± 0.17 cm to 4.89 ± 0.16 cm (P < 0.05) (fig. 2E) ; and the end-diastolic diameter of the mitral anulus, from 2.48 ± 0.17 cm to 2.96 ± 0.25 cm (P < 0.05) ( fig. 2F ). The eccentricity index was reduced from 0.78 ± 0.02 to 0.71 ± 0.02, (P < 0.05) indicating that the ventricle became more globular in shape.
Increments in Pressure
When systemic pressure was raised by infusion of angiotensin, mean aortic pressure was increased from 117 ± 8 mm Hg to 144 ± 5 mm Hg (P < 0.05); peak left ventricular pressure from 130 + 8 mm Hg to 156 ± 5 mm Hg (P < 0.05); and the end-diastolic ventricular pressure, from 9 ± 2 mm Hg to 12 ± 3 mm Hg (P < 0.05). Mean atrial pressure increased from 8 ± 2 mm Hg to 11 i 3 mm Hg (P < 0.05), while the V wave increased from 13 ± 2 to 18 ± 3 mm Hg. Left ventricular dP/dt increased from 3100 ± 200 to 3700 ± 400 mm Hg/sec (P < 0.05). 
Hydraulic Calculations
The MRG was increased from 114 ± 5 mm Hg to 137 ± 2 mm Hg (P < 0.05) ( fig. 3, panel A) , an increase of 20%. The VSI was decreased from 120 ± 5 msec to 110 ± 5 msec (P < 0.05). Nevertheless, regurgitant volume was increased from 18 ± 4 ml to 31 ± 3 ml ( fig. 3B ). This 72% increase in MRV is vastly greater than the 1% increase predicted by the hydrodynamic formula, were MRA to remain constant. The calculated area of the mitral lesion was increased from 0.39 ± 0.08 cm2 to 0.64 + 0.04 cm2 ( fig. 3C ).
Angiographic Studies
Ventricular volume at end-diastole was increased from 68 ± 10 ml to 79 ± 13 ml (P < 0.05) ( fig. 3D ). Total stroke volume increased from 35 ± 5 to 45 ± 6 (P < 0.05) while effective stroke volume was decreased from 18 ± 3 to 14 ± 3 ml (P < 0.05) and total ejection fraction changed from 0.52 ± 0.05 to 0.63 ± 0.03 (NS). However the effective ejection fraction was reduced from 26 ± 3 to 18 ± 3% (P < 0.05) due to the large increase in MRV. The ratio MRV/SV,O, rose from 0.50 ± 0.05 to 0.65 ± 0.06 (P< 0.05).
The average of biplanar diameters of the subvalvular region of the end-diastolic ventricular cavity increased from 4.21 ± 0.15 cm to 4.69 ± 0.17 cm (P < 0.05) (fig. 3E) ; and the end-diameter of the anulus, from 2.60 ± 0.20 cm to 2.97 0.10 cm (P < 0.05) (fig. 3F ). The eccentricity index was reduced from 0.78 + 0.02 to 0.74 ± 0.03.
The Effects of Ventricular Contractility
When calcium chloride or epinephrine was infused, mean aortic pressure, peak and end-diastolic ventricular pressures, and mean atrial pressure were changed insignificantly. Left ventricular dP/dt rose substantially from 3400 + 500 to 4500 ± 700 mm Hg/sec (P < 0.05).
Hydraulic Calculations
The MRG ( fig. 4A ) and the VSI (150 10 vs 140 ± 5 msec) for regurgitation were altered little. Nevertheless, the MRV was decreased from 29 ± 3 ml to 17 ± 2 ml (P < 0.05) (fig. 4B ). The area of the mitral lesion was decreased from 0.49 ± 0.06 cm2 to 0.32 ± 0.05 cm2 (P < 0.05) (fig. 4C) .
A ngiographic Studies
Ventricular volume at end-diastole was decreased from 72 ± 9 ml to 54 ± 6 ml (P < 0.05) (fig. 3D ). Total stroke volume fell from 47 ± 6 to 37 + 6 cc (P < 0.05) while The average of biplanar diameters of the subvalvular region of the end-diastolic cavity was reduced from 4.54 ± 0.23 cm to 3.89 ± 0.21 cm (P < 0.05) (fig. 4E) ; and the end-diastolic anular diameter, from 2.62 ± 0.14 cm to 2.16 ± 0.08 cm (P < 0.05) (fig. 4F ). The eccentricity index was increased from 0.80 + 0.01 to 0.84 0.01 (P < 0.05).
Relative Effects of the Area of the Mitral Lesion and the Pressure Gradient Across the Lesion
With altered ventricular load and contractility, the change in MRV was correlated with changes in either the enddiastolic diameter of the subvalvular cavity ( fig. 5 ) or the diameter of the mitral anulus ( fig. 6 ). The MRV was well correlated with MRG only when alteration in subvalvular diameters was not a dominant factor ( fig. 7) . When load and contractility were not altered, regurgitant mitral flow was highly correlated with the diameters of the subvalvular cavity and mitral anulus at end-diastole, but could not be correlated with either the pressure gradient or the time interval for regurgitation. The MRF was highly correlated with LV end-diastolic basilar diameter (r = 0.85), LV end-diastolic anular diameter (r = 0.69), and LV end-diastolic volume (r = 0.68).
There was no correlation between regurgitant flow and the subvalvular or anular diameters at mid-systole or endsystole under control conditions or when load or contractility was changed.
A good correlation was found between MRA calculated from the hydraulic formula and the angiographically measured mitral anular diameter ( fig. 8) . This relationship supports conclusions concerning changes in the regurgitant orifice consequent to ventricular volume.
Effect of Ventricular Loading and Contractility on the Shape of the Ventricle
When ventricular load and contractility were altered, the shape of the ventricle at end-diastole was also altered. When dextran was infused and blood volume augmented, the eccentricity index decreased from 0.78 ± 0.02 to 0.71 + 0.02 (P < 0.05), indicating the assumption of a more spheroidal shape. During an angiotensin infusion, the eccentricity index also decreased from 0.78 ± 0.02 to 0.74 ± 0.03 (P < 0.05). Thus, the ventricle assumed a less eccentric shape, or became more spherical, when volume or pressure was augmented. When calcium or epinephrine was infused, the eccentricity index increased from 0.80 ± 0.01 to 0.84 + 0.01 (P < 0.05); hence, the ventricle became more eccentric at end-diastole when contractility was augmented and a decrease in ventricular end-diastolic volume occurred.
Discussion
In the present study it has been demonstrated that when acute mitral regurgitation is induced in the normal dog heart by section of a chordae tendineae, the amount of regurgitation is highly dependent on the geometry of the mitral orifice and submitral area of the ventricle and is not determined primarily by the systolic pressure gradients between the left ventricle and the atrium. Thus, the mitral area for regurgitation is not fixed in such a lesion but is actively determined by ventricular dynamics. Accordingly, factors which tend to enlarge the diastolic volume of the ventricle will also increase the subvalvular mitral area and diameter of the mitral ring, and hence augment the amount of mitral regurgitation. Indeed the major mechanism by which an increase in arterial pressure leads to an increase in mitral regurgitation is not due to a significant increase in the gradient for regurgitation but rather to a compensatory increase in diastolic ventricular volume and thus secondarily to an enlargement of the regurgitant area. That this should be the case is further emphasized by the fact that the amount of regurgitation depends o,n the square root of the pressure gradient and directly on the area.2 Thus a very large increment in left ventricular systolic pressure and the resultant pressure gradient would create only a relatively minor effect on regurgitant flow, were the area for regurgitation to remain fixed. Alternatively, factors which tend to reduce ventricular size were shown in the present study to reduce mitral regurgitation, again largely independent of changes in transvalvular gradients.
We have shown that the diameter of the submitral ventricular cavity is related to the diastolic volume of the heart and changes with alterations in volume. Likewise the mitral regurgitant area calculated from hemodynamic measurements correlates reasonably well with the area measured from left ventricular angiograms ( fig. 8) Whether the degree of mitral regurgitation can also be altered on the basis of changes in the subvalvular area in rheumatic mitral disease remains to be explored. Nevertheless, the principles developed from the present animal model may play a role.
